Although 47 Oph has been shown to be a binary with a period of ∼27 days using both spectroscopic and interferometric techniques, only a preliminary orbit has been obtained in the previous work due to the shortage of high precision measurements. Since 1997, new spectroscopic and interferometric measurements have been obtained with much higher precision by the spectrograph of the 2.16 m telescope at Xinglong station and the Navy Precision Optical Interferometer, respectively. Combining all of the measurements, a three-dimensional orbit is obtained with high precision in this work. Thus, the component masses are calculated to be 1.50 ± 0.06 and 1.34 ± 0.06  M , respectively. The orbital parallax is 32.6 ± 0.6 mas, which is consistent with the Hipparcos parallax. With the known apparent magnitudes and color indices of the components, the derived luminosities are 7.80 ± 0.36 and 3.41 ± 0.25  L . The estimated radii of the components are 2.06 ± 0.07 and 1.36 ± 0.06  R . Finally, the evolutionary status of the components are investigated with the help of a stellar evolution model.
INTRODUCTION
The combination of optical long baseline interferometer and radial velocity (RV) measurements can describe the threedimensional orbital motion of a binary, and consequently determine the component masses and orbital parallax. Given the high angular resolution of long baseline interferometers, 210 double-lined spectroscopic binaries (SB2s) with (a 1 + a 2 ) i sin ⩾ 400 μ as (where a 1 , a 2 are the angular semimajor axes of orbits of the components relative to the system barycenter and i is the orbital inclination) were chosen from the Eighth Catalog of the Orbital Elements of Spectroscopic Binary Systems (Batten et al. 1989 ) as the observable sample for long baseline interferometers (Armstrong 1997) . Among these systems, the astrometric orbits of 26 SB2s have been determined using the data observed with the Mark III Stellar Interferometer on Mt. Wilson until late 1992 (e.g., Armstrong et al. 1992; Pan et al. 1992; Hummel et al. 1995) . The masses and absolute luminosities of the components have been compared with stellar evolution models (Hummel 1997) .
The binary 47 Oph (HR 6493, HIP 85365, HD 157950) belongs to the abovementioned 210 SB2s and the combined spectral type of the system is F3V (Abt 2009) . Only a preliminary orbit had been available until 1997 (Hummel 1997) . There are two main reasons. On one hand, only six measurements have been observed by Mark III until 1997. On the other hand, the RV measurements were inadequate and not very accurate. Specifically, variable RVs of 47 Oph were detected by Campbell as early as 1907 (Campbell & Moore 1907) . Spectroscopic orbits of the system with an orbital period of about 27 days were given later (Parker 1915; Abt & Levy 1976) , but it should be mentioned that the precision of these historical RV data was low relative to the current RV measurements. In addition, when the direction of motion of the two components is nearly parallel to the tangent plane of the celestial sphere, the RV of the components cannot be separated effectively and were mistaken for the RV of the primary. Many measurements supplied by Abt & Levy (1976) were obtained during these times.
In order to improve the interferometric measurements of 47 Oph, 16 new measurements have been taken by the Navy Precision Optical Interferometer (NPOI) since 1997. New RV data with high precision were needed to determine the orbital solutions accurately. For this work, high-resolution spectra have been obtained by the coudé echelle spectrometer (CES) and High Resolution Spectrograph (HRS) mounted on the 2.16 m telescope at Xinglong station, and the two-dimensional correlation method (Zucker & Mazeh 1994) has been used to extract the RVs of the two components. On the basis of all the measurements mentioned above, we are now able to provide an accurate three-dimensional orbit of 47 Oph.
OBSERVATIONS

Mark III Observations and Data Reduction
The Mark III Stellar Interferometer (Shao et al. 1988 ) was operated on Mt. Wilson from 1990 to 1992. 47 Oph was observed during six nights on a baseline between the north D and south F stations (27 m), recording fringes in three narrowband channels (≈25 nm) centered at 500, 550, and 800 nm. The data were reduced as described by Mozurkewich et al. (1991) , and the binary separation and position angle were fit to the data of each night. The uncertainty ellipse for the relative astrometric position is derived from the size of the central part of the synthesized point-spread function. The results are given in Table 1 . The columns represent the date, the fractional Julian year of the observation, the number of measured visibilities, the derived separation (ρ) and position angle (θ), the axes and position angle of the uncertainty ellipse (s maj , s j , min ), and the deviation of the fitted relative binary position (ρ, θ) from the model values, respectively.
NPOI Observations and Data Reduction
The NPOI data were recorded between 1997 and 2002, first with the three-beam combiner and then, starting in 2002, with the six-beam combiner . The observations alternated between the science target and a calibrator. The latter are stars of sufficiently small angular diameters estimated using surface brightness relationships published by Mozurkewich et al. (2003) for the purpose of deriving the atmospheric and instrumental visibility degradation. Their relevant properties are given in Table 2 . Table 3 gives information on dates, configurations, and calibrator stars observed for each night. A configuration is given as a triple of stations (e.g., "AC-AE-W7," using astrometric stations Center and East, as well as imaging station W7) if data from all three involved baselines were used, including the corresponding closure phase. If a single baseline is listed, squared visibility data from that baseline were used but no closure phase data were available involving this baseline.
We used a pipeline written in GDL 4 for the OYSTER 5 NPOI data reduction package, which follows the procedures described by Hummel et al. (1998 Hummel et al. ( , 2003 .
Spectroscopic Observations and Data Reduction
To obtain precise RV measurements, high-resolution spectral observations of 47 Oph have been carried out since 2011. At the outset, the CES (Zhao & Li 2001) mounted on the 2.16 m telescope at Xinglong station was used. We chose the blue arm and medium focal length camera, a configuration covering a wavelength range of 3300-5800 Å with a spectral resolution (R = l l D ) of about 80,000. After 2012 July, the HRS covering the wavelength region of 4030-10250 Å installed on the same telescope came into use. The slit width was set to 0.19 mm, corresponding to a spectral resolution of ∼45,000 around 5500 Å.
The spectra were reduced and normalized to a continuum using IRAF.
6 RVs were measured using the two-dimensional correlation method (Zucker & Mazeh 1994) with synthetic spectral templates generated by the SPECTRUM spectral synthesis package (Gray & Corbally 1994) ; see also the web (http://phys.appstate.edu/~grayro/spectrum/spectrum.html) and the ATLAS9 model atmosphere grids (Kurucz 1993) . Finally, we converted the topocentric velocities into the barycentric velocities with the IRAF tool BCVCORR. The zero-point offset of the observation equipment was determined to be −0.50 ± 0.21 km s −1 by measuring the RVs of the Geneva Radial-Velocity Standard Stars (Udry et al. 1999) . All the RV data along with the historical RV data are corrected by this zero-point offset and listed in Table 4 .
ORBIT DETERMINATION
The interferometric (t, ρ, θ) and RV (t, V) measurements are two complementary types of observations constraining the parameters w  a e i P T ( , , , , Ω, , ) and w K K V e P T ( , , , , , , ) The parameters (s maj , s j , min ) in the above expression are given in Table 1 .
When we use the least square method to fit the orbit, a simultaneous adjustment of the fit to interferometric and spectroscopic data is used to derive the orbital solutions. The N 1 , N 2 , and N 3 represent the number of interferometric measurements, the primary RV data, and the secondary RV data. The subscript o represents the observation and the subscripts p, s represent the primary and the secondary, respectively. The computed parameters x, y, V p , and V s are a function of the orbital solutions, and readers can refer to Pourbaix (1998) for more information.
Considering that the zero points of the RV measurements with different equipments may be inconsistent, zero-point adjustments should be made when combining the historical RV and ours. When we fit the orbit by combing all the historical RV data and our new ones, the offsets are fitted as parameters in function (1). Including two zero-point offset parameters, there are 12 parameters that need to be adjusted together.
As Equation (1) shows, each measurement is weighted by the inverse square of its own error. However, no errors were given for the RV data published by Parker (1915) , but proper errors are needed to properly weight the data. Therefore, we use first all the RV data with the same weights to fit the RV curve. Assuming that the fitted curve is true for this system, we can estimate the errors σ of the RV measurements for the primary and secondary considering the mathematical expectation of the absolute value of the residuals:
According to the above computation, we assign an error of 5.4 km s −1 to the RV measurements of the primary, and 8.0 km s −1 to that of the secondary for the RV data from Parker (1915) . At the same time, as mentioned in the Introduction, in the early days it was difficult to efficiently distinguish the component RVs when they were close to each other. Thus, we have not used the data if there is only a primary RV or the residual of the RV is larger than 8 km s . For these data, though they are distinguished from the primary RV, there are large deviations.
The method of Levenberg-Marquardt is used to find the global minimum for the objective function (1) where 12 parameters are obtained. Among them, offsets of 0.55 ± 1.01 and 0.37 ± 0.38 km s −1 are derived for the historical RV data published by Parker (1915) and Abt & Levy (1976) relative to the barycenter, respectively. The orbital solution is shown in Table 5 together with the orbital parallax and the component masses. In Table 5 , the historical orbital solutions (Parker 1915; Hummel 1997) are also listed for comparison. From this table, it can be seen that the orbital parallax is 32.6 ± 0.6 mas, which is consistent with the Hipparcos parallax of 33.25 ± 0.25 mas (van Leeuwen 2007). The long baseline interferometric measurements and the fitted apparent orbit are shown in Figure 1 . The data with dot ellipses observed by Mark III have already published by Hummel (1997) , and the data with solid ellipses are new data observed by the NPOI. From this figure, it can be seen that the present interferometric measurements have made great progress both in the accuracy and in the orbital coverage. The RV data and the fitted RV curve are shown in Figure 2 . The black, green, and red symbols indicate the RV data supplied by Parker (1915) , Abt & Levy (1976) , and the 2.16 m telescope at Xinglong station, respectively. The blue symbols represent the RV data that were not used to fit the orbit. These rejected data all deviate from the theoretical predictions and our new data compensate for the shortage of the historical data very well. 
), respectively. The magnitude differences given by Mark III and NPOI between the two components are 1.1 ± 0.1, 0.9 ± 0.1, 0.9 ± 0.1 at 850, 700, 500 nm, respectively. Since the V band is centered at 550 nm, we can estimate the magnitude difference in theV band as 0.9 ± 0.1. With the combined apparent magnitude and magnitude difference, the apparent magnitude in the V band is calculated to be 4.93 ± 0.03 for the primary and 5.83 ± 0.07 for the secondary. Similarly, we can calculate the magnitudes in the R, I bands of the components as 4.34 ± 0.03, 4.28 ± 0.03 for the primary and 5.24 ± 0.07, 5.39 ± 0.07 for the secondary. From the same color index (V-R) of the two components, we can infer that the two components have very similar temperatures. The combined color index (B-V) for the system is 0.39, and the bolometric correction is 0.022 using tables from Flower (1996) . The effective temperature of the system is 6726 ± 80 K (Casagrande et al. 2011) . Based on the orbital parallax 32.6 ± 0.6 mas and the bolometric correction, the luminosity is 7.80 ± 0.36  L for the primary and 3.41 ± 0.25  L for the secondary. Combined with the Stefan-Bolzmann's law, the radii of the primary and the secondary can be easily calculated as 2.06 ± 0.07 and 1.36 ± 0.06  R . All the derived fundamental parameters for the components are listed in Table 6 .
To investigate the evolutionary status of the two components of 47 Oph, we compared the (logT eff , logL/  L ) values of the components with the evolutionary tracks given by Mowlavi et al. (2012) and find a good match with metallicity Z = 0.01. Figure 3 shows three tracks of mass = 1.5, 1.4, 1.3  M in the (logT eff , logL/  L ) plane. The isochrones for log(age yr −1 ) = 9.1, 9.2, 9.3 are shown in Figure 3 . From this figure we can infer that the logarithm of the isochrone age of the system is between 9.2 and 9.3.
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